DEVELOPMENT OF THE NORMAL intestinal mucosa requires specific inductive signals for guiding formation of normal architectural relationships and regional patterns of epithelial differentiation. The fetal murine intestinal epithelium undergoes a morphological reorganization, changing from a poorly differentiated pseudostratified cuboidal epithelium to a simple stratified columnar epithelium, beginning at embryonic day 14.5 (13, 29, 46) . Nascent villi then form by upward growth of mesenchymal tissue underlying the monolayer of columnar epithelial cells. At this developmental stage, the proliferative unit of the mature intestinal epithelium, the crypt, has not yet formed. Rather, replicating cells are found in the fetal homolog of the crypt, the intervillus epithelium, also populated by descendants of multiple pluripotent stem cells (16, 42) . Formation of small intestinal crypts first begins during early postnatal life by the morphological invagination of the intervillus epithelium into the underlying mesenchyme. Newly formed crypts subsequently increase in number through expansion of the stem cell population and subsequent crypt fission, a process that is largely completed by 4 -5 wk after birth.
In the adult mouse small intestinal epithelium, cell replication and differentiation are tightly coupled to cell position along the crypt-to-villus axis. All four principal differentiated cell types, enterocytes, enteroendocrine cells, goblet cells, and Paneth cells, are derived from one or more multipotent stem cells located in each intestinal crypt (8, 12, 41, 51) . Transitreplicating cells are rapidly proliferating (cell cycle time is ϳ12-13 h in the mouse) descendants of this stem cell and undergo four to six divisions within a zone of proliferation located in the midportion of each crypt. Differentiation occurs as progeny of the transit cell population migrate in vertically coherent bands onto the villus epithelium or toward the base of the crypt (8, 37, 38) .
Fibroblast growth factors (FGFs), a family of Ն22 proteins, have been shown to provide inductive signals that control diverse events during normal embryonic tissue development, such as cell fate and differentiation, cell migration, and spatial pattern formation (25, 33, 44) . We recently found that one of the receptors for this important family of growth factors, FGFR-3, is highly expressed by undifferentiated crypt epithelial cells in the developing intestine. Additionally, potential ligands for this receptor are highly expressed during crypt morphogenesis in the suckling mouse intestine (50) . These findings led us to ask whether FGFR-3-mediated signaling plays a critical role in regulating morphogenic events and/or functional differentiation of crypt epithelial cells during intestinal development (50) .
Signaling through ␤-catenin and the T cell factor (Tcf)/ lymphocyte enhancer binding factor (Lef) family of transcription factors is important in regulating epithelial stem cell fate and replication during intestinal development and in intestinal neoplasia (2, 5, 7, 26 -28) . This is illustrated in mice bearing a mutation in Tcf-4 that shows depletion of the stem cells in the intervillus epithelium and failure to form crypts (26) . Furthermore, ␤-catenin/Tcf activation regulates the expression of a number of genes important in cell cycle regulation, cell fate determination, and Paneth cell differentiation (35, 36, 47) . Recent studies also demonstrate that ␤-catenin/Tcf-4 signaling may control cell positioning along the crypt-to-villus axis in the intestine, including Paneth cell positioning, by regulating the expression of ephrins and their receptors on intestinal epithelial cells (4) . Although much attention has focused on Wnt(s) as the canonical upstream mediator of ␤-catenin/Tcf-4 signaling, recent studies suggest that other growth factors, such as FGF2, can activate this transcription complex through cross talk with the ␤-catenin signaling pathway (20) .
We examined the consequence of FGFR-3 gene disruption on morphogenic events during normal intestinal development to define the functional role of FGFR-3 signaling and its relationship to the ␤-catenin/Tcf signaling pathway. We report that crypt formation begins at the normal developmental time during postnatal intestinal development. However, 1) normal numbers of intestinal crypts fail to develop in FGFR-3-null (FGFR-3 Ϫ/Ϫ ) mice; 2) the number of crypt epithelial stem cells is reduced in FGFR-3 Ϫ/Ϫ mice; 3) Paneth cell specification and/or differentiation is reduced in FGFR-3 Ϫ/Ϫ mice; 4) the cellular distribution and/or stability of ␤-catenin is altered in FGFR-3 Ϫ/Ϫ mice; and 5) signaling through FGFR-3 sustains high levels of ␤-catenin/Tcf-4-mediated transcriptional activity in intestinal epithelial cells.
MATERIALS AND METHODS

Animals.
Mice with a targeted disruption of the FGFR-3 gene were kindly provided by Dr. David Ornitz (14) . Deletion of the 3Ј end of the exon encoding the Ig-like domain II, along with the entire Ig-like domain III and the transmembrane domain, generated these FGFR-3 Ϫ/Ϫ mice (14) . These mice are available through The Jackson Laboratory (strain designation B6;129S-Fgfr3 tm1Dor /J). Since only a few FGFR-3 Ϫ/Ϫ mice survive to breeding age (14) , our colony was maintained using heterozygous (FGFR-3 ϩ/Ϫ ) breeding pairs. Only nonsibling mice were used to establish breeder pairs to avoid inbreeding of potentially linked modifier alleles. Paired FGFR-3 Ϫ/Ϫ wildtype littermates were used as controls at all times. Mice were maintained on a 12:12-h light-dark cycle and fed standard laboratory chow ad libitum. In our colony, we observed that most FGFR-3 Ϫ/Ϫ mice died at ϳ28 days after birth. A set of physical and behavioral criteria approved by the University of Virginia Animal Care and Use Committee was used to closely monitor the health status of FGFR-3 Ϫ/Ϫ mice, starting just after birth. FGFR-3 Ϫ/Ϫ mice used in these studies appeared healthy and had normal stool consistency at all ages.
Intestinal tissue was dissected as described elsewhere (43) , and segments from each region of the gut were fixed in Bouin's fixative and processed for paraffin embedding and immunohistochemical analysis. For isolation of total RNA and protein, some intestinal segments were snap frozen in liquid nitrogen and stored until use. Total cellular RNA was prepared using the RNeasy Midi Kit (Qiagen, Valencia, CA). For protein isolation, frozen tissue segments (ϳ0.05-0.18 g of tissue) were homogenized in 1 ml of lysis buffer containing 50 mM Tris ⅐ HCl (pH 7.4), 0.5% Triton X-100, and 1ϫ complete protease inhibitor cocktail (Roche, Nutley, NJ). Samples were centrifuged at 12,000 g for 8 min at 4°C. The supernatant Triton-soluble fraction was collected, and protein concentration was determined using the Coomassie Plus Protein Assay Kit (Pierce, Rockford, IL).
Quantitation of crypt numbers within the intestine. Crypt numbers were determined separately in the proximal, middle, and distal thirds of the small intestine to account for potential regional differences in crypt number. For each segment of the small intestine, crypts were counted in well-oriented transverse cross sections obtained at 5-mm intervals and in a longitudinal section obtained from the middle of each region. The total number of intestinal crypts was obtained by the following equations
where Csegment is the total number of crypts in any one intestinal tissue segment, Cc is the number of crypts per cross-sectional circumference determined for at least six sites per region, Cul is the number of crypts per unit length determined by counting crypts in longitudinal sections, and L is the measured length of the whole fixed segment from which the rest of the crypt counts were determined. The total number of crypts (C total) in the intestine was then determined by summing the total crypts obtained for each segment (C pj ϩ Cdj ϩ Cil).
Crypt stem cell survival. At 3.5 days after irradiation, the number of regenerating crypts was measured using a modification of the microcolony assay, as previously described (10, 40, 52) . Using a Gammacel 40 cesium irradiator, we assessed crypt survival by subjecting FGFR3
Ϫ/Ϫ and wild-type mice to ␥-irradiation, and intestinal segments were harvested 3.5 days after treatment. Cells were labeled in the S phase by administration of the thymidine analog 5-bromo-2Ј-deoxyuridine (BrdU, 120 mg/kg) and 12 mg/kg 5-fluoro-2Ј-deoxyuridine intraperitoneally to the irradiated mice 2 h before euthanasia (9, 15, 18) . Cells incorporating BrdU were visualized by immunohistochemistry with goat anti-BrdU, as described elsewhere (9) . A surviving crypt was defined as one containing five or more BrdU-positive cells, as previously described (10) . At least six complete, well-oriented cross sections were scored for each mouse. Fractional crypt survival was defined as the ratio of the mean number of surviving crypts in intestinal cross sections from irradiated mice to the number of crypts per cross section from the same region of the intestine in unirradiated mice of the same strain and age.
Real-time RT-PCR. Expression of cyclin D1, ␤-catenin, Muc2, chromogranin, lysozyme, matrix metalloproteinase (MMP)-7, cryptdin 5, Indian hedgehog (Ihh), peroxisome proliferator-activated receptor-␤ (PPAR␤), and Sox9 mRNA in mouse small intestinal segments was quantified by real-time PCR analysis using a sequence detection system (PRISM SDS7000, Applied Biosystems, Foster City, CA). For reverse transcription, random hexamers (1 g) and 10 ng of total RNA were used in a final reaction volume of 20 l containing 200 U of Superscript (Invitrogen Life Technologies, Carlsbad, CA). ␤-Catenin primers were 5Ј-AGCCGAGATGGCCCAGAAT-3Ј and 5Ј-AAGGGCAAGGTTCGAATCAA-3Ј. Cyclin D1 sequences were 5Ј-ATCCGCAAGCATGCACAGA-3Ј and 5Ј-GGGTTGGA AATG AACTTCACATCT-3Ј. PCR was performed in triplicate for 40 cycles using 10% of the volume of the first-strand synthesis in a total volume of 50 l, which included 25 l of SYBR Green Master Mix (Applied Biosystems) and primers at a final concentration of 250 nM. Muc2, chromogranin, lysozyme, MMP-7, cryptdin 5, Ihh, and PPAR␤ mRNA levels were determined using the Celera Assay on Demand kit (Applied Biosystem). The cycle threshold (⌬⌬C T) method was used to quantify relative mRNA levels (User Bulletin 2, Applied Biosystems), with 18S RNA as the reference and internal standard. The TaqMan primer-probe set for 18S RNA with the VIC/TAMRA detection system was used to simultaneously measure 18S RNA in replicates of samples taken for the cyclin D1, ␤-catenin, Muc2, chromogranin, lysozyme, MMP-7, cryptdin 5, Ihh, PPAR␤, and Sox9 quantifications.
Histology and immunohistochemical methods. Expression of intestinal fatty acid-binding protein (IFABP), serotonin, peptide YY (PYY), and ␤-catenin was examined in Bouin-fixed or 10% neutral buffered formalin-fixed, deparaffinized sections of proximal jejunum and ileum from FGFR-3 Ϫ/Ϫ and wild-type mice. Primary antibodies were rabbit anti-IFABP (12) and rabbit anti-PYY (1:250 and 1:800 dilution, respectively; Peninsula Laboratories, Belmont, CA), rabbit anti-serotonin (1:2,000 dilution; Diasorin, Stillwater, MN), mouse anti-␤-catenin (1:50 dilution; Transduction Laboratories, San Jose, CA), and rabbit anti-lysozyme (1:2,000 dilution; Dako, Carpinteria, CA). Expression of FGFR-3 in Bouin-fixed and deparaffinized intestinal sections was examined using a polyclonal anti-FGFR-3 (1:1,000 dilution; C-15, catalog no. sc-123, Santa Cruz Biotechnology, Santa Cruz, CA). Bound anti-IFABP and anti-FGFR-3 were visualized with a Cy3-conjugated donkey anti-rabbit IgG (1:400 and 1:500 dilution, respectively; Jackson ImmunoResearch Laboratories, West Grove, PA). The anti-␤-catenin reaction was performed on sections subjected to antigen retrieval, as described elsewhere (47), and visualized using the Envision ϩ kit (Dako). Bound anti-PYY and anti-serotonin were visualized with fluorescein-conjugated tyramide signal amplification (DuPont NEN Life Sciences Products, Boston, MA) after incubation with biotin-labeled donkey anti-rabbit IgG (Jackson ImmunoResearch Laboratories) followed by reaction with streptavidin-horseradish peroxidase. The anti-lysozyme reaction was visualized by diaminobenzidine precipitation after incubation with biotin SP-labeled donkey anti-rabbit IgG (1:1,000 dilution; Jackson ImmunoResearch Laboratories). Antibody specificities were determined by replacement of the primary antibodies with an irrelevant rabbit or mouse IgG (data not shown). Electron microscopy. Electron microscopy was performed through the University of Virginia Advanced Microscopy Core. Briefly, segments of proximal jejunum and ileum were rapidly excised and placed in a small amount of chilled fixative composed of 4% (wt/vol) paraformaldehyde and 2.5% (wt/vol) glutaraldehyde in 0.1 M phosphate buffer (pH 7.4), fixed by immersion at 4°C overnight, postfixed for 1 h in 1% (wt/vol) osmium tetroxide, and embedded in epoxy resin (EPON, Electron Microscopy Sciences). Ultrathin (70-to 80-nmthick) sections, prepared on a Leica Ultracut ultramicrotome using a Diatome diamond knife, were contrast stained with lead citrate and uranyl acetate. The sections were examined with a transmission electron microscope (JEOL 1230, Japan Electron Optics, Tokyo, Japan) operating at 80 kV and equipped with a digital camera (model SIA 12-C, Scientific Instruments and Applications, Duluth, GA).
Transient transfection protocol. Caco-2 cells between passages 6 and 16 (American Type Culture Collection) were grown to 80 -85% confluence in MEM with Earle's balanced salt solution containing 0.1 mM nonessential amino acids and 1.5 g/l sodium bicarbonate and supplemented with 10% bovine growth serum (Hyclone, Logan, UT) and 15 mM HEPES (pH 7.4). Cells transferred to Opti-MEM I (GIBCO, Carlsbad, CA) were transfected using siLentFect reagent (Bio-Rad, Hercules, CA). Cells were transfected with 3 g of the Tcf reporter plasmid TOPFlash and 3 g of one of the following plasmids: 1) Renilla, an irrelevant DNA plasmid, 2) pUC18, an empty vector, 3) a constitutively active mutant of FGFR-3, K650E, that lacks the extracellular ligand binding domain (kindly provided by D. J. Donoghue), or 4) a wild-type FGFR-3 construct. Some cultures that were transfected with TOPFlash or Renilla received daily additions of FGF9 (50 ng/ml final concentration; R & D Systems, Minneapolis, MN) starting at 24 h after transfection and ending at 120 h after transfection (3 days after confluence). Luciferase activity was assayed with the Dual Glo Luciferase Assay System (Promega, Madison, WI) at 48, 72, 96, and 120 h after transfection, at which times cultures were confluent and at 1, 2, and 3 days after confluence, respectively. Samples were read using the Veritas Microplate Luminometer (Turner Biosystems, Sunnyvale, CA).
Western blot analysis of cellular ␤-catenin. The Triton X-100-soluble cellular protein fraction (40 g) was resolved by SDS-PAGE and transferred to polyvinylidene difluoride microporous membranes (Immobilon-P Transfer membrane, Millipore, Billerica, MA) for 1 h at 100 V using a Bio-Rad minigel transfer apparatus. To prevent nonspecific antibody binding to the membranes, we treated the blots for 1 h at room temperature with 1ϫ PBS-0.1% Tween containing 5% dry milk solids. ␤-Catenin was detected with rabbit polyclonal anti-␤-catenin (1:1,000 dilution; Santa Cruz Biotechnology) and visualized by horseradish peroxidase-conjugated donkey anti-mouse (1:5,000 dilution; ECL kit, Amersham, Pittsburgh, PA).
Statistics. Data were analyzed by pairwise t-tests using the pooled estimate of variance and Bonferroni's correction of the P values for multiple comparisons. Differences were considered significant at P Յ 0.05.
RESULTS
Phenotypic effects of FGFR-3 signaling.
We examined the role of FGFR-3 in regulating morphogenesis and/or functional differentiation of the intestinal epithelium. In wild-type mice, FGFR-3 is highly expressed on the surface of a subset of epithelial cells in the lower half of crypts present in the suckling mouse intestine (50) . In contrast, immunoreactive FGFR-3 was not seen in epithelial cells of mice homozygous for a targeted disruption of the FGFR-3 gene, i.e., FGFR-3 Ϫ/Ϫ mice ( Fig. 1, A and B) . As previously reported, mice homozygous for a targeted disruption of the FGFR-3 gene (FGFR-3 Ϫ/Ϫ ) were found to develop marked bone abnormalities of varying severity that included kinked tails, kyphosis, and curvature and overgrowth of long bones (14) . FGFR-3 Ϫ/Ϫ mice were similar in body weight to their wild-type littermates at birth and for the first 4 days of life. However, beginning at ϳ7 days after birth, they failed to show normal weight gain during the suckling period compared with their wild-type littermates (Fig. 1C) . Thus, by 21 days of age, FGFR-3 Ϫ/Ϫ mice were ϳ50% the size of their wild-type littermates. When FGFR-3 Ϫ/Ϫ mice were allowed to age, most died at ϳ28 days after birth from as yet unknown causes. Those individual FGFR-3 Ϫ/Ϫ mice that survived past 28 days and into adulthood showed a spurt in growth, so that their body weight gain approached that of control mice. The intestinal length of FGFR-3 Ϫ/Ϫ mice was consistently shorter than that of their wild-type littermates (Fig. 1D , Table 1 ). By 21 days after birth, the length of the small intestine in FGFR-3 Ϫ/Ϫ mice was reduced to ϳ60% of that in their wild-type littermates.
Number of intestinal crypts is regulated by FGFR-3 signaling. We next examined whether FGFR-3
Ϫ/Ϫ mice form normal numbers of intestinal crypts, since the number of crypts increases markedly in the suckling mouse intestine and FGFR-3 is highly expressed in the developing intestine during this time period (50) . To determine whether FGFR-3 signaling regulates crypt formation, we quantified the number of small intestinal crypts in FGFR-3 Ϫ/Ϫ and wild-type mice at various developmental time points. Crypt formation in the small intestine was first observed 4 days after birth in FGFR-3 Ϫ/Ϫ and wild-type mice. The number of crypts per cross section was significantly reduced in the jejunum of FGFR-3 Ϫ/Ϫ mice as early as 7 days of age (51.5 Ϯ 4.5 vs. 78.0 Ϯ 6.1 in wild-type mice). By 10 days after birth, the number of crypts per cross section in the jejunum was reduced 34% in the jejunum and 37% in the ileum of FGFR-3 Ϫ/Ϫ mice ( Fig. 2A) . The deficit in crypt number persisted through 21 days of age in the jejunum and ileum of FGFR3 Ϫ/Ϫ mice ( Fig. 2A) . However, these differences are an underestimate of the reduction in the total numbers of small intestinal crypts, since the small intestine is substantially shorter in FGFR-3 Ϫ/Ϫ than wild-type mice (Fig. 1D , Table 1 ). When the difference in intestinal length is taken into account, the total number of crypts in each region of the small intestine of 21-day-old FGFR-3 Ϫ/Ϫ mice was markedly reduced (Fig.  2B) . The total number of crypts in the entire small intestine was only 48% of that in wild-type littermates (Table 1) . A reduction in the number crypts per cross section was still observed in the small number of FGFR-3 Ϫ/Ϫ mice that survived well into adulthood (114.7 Ϯ 3.1 vs. 135.5 Ϯ 3.1 in wild-type littermate jejunum and 101.7 Ϯ 5.3 vs. 112.2 Ϯ 3.1 in wild-type littermate ileum), although the magnitude of this reduction was less pronounced than at 10 -21 days after birth (Fig. 2) . In wild-type and FGFR-3 Ϫ/Ϫ mice, crypt fission was initiated at the base of the crypt and shared a common crypt lumen (Fig. 2, C vs. D) .
Accrual of crypt epithelial stem cells is regulated by FGFR-3 signaling. Since FGFR-3
Ϫ/Ϫ mice form fewer crypts than wild-type controls, we examined whether the number of clonogenic crypt stem cells was also reduced. Since highly specific markers for crypt epithelial stem cells have yet to be identified, we used an in vivo functional assay to quantify clonogenic stem cell numbers in FGFR-3 Ϫ/Ϫ and wild-type mice. This assay is based on the capacity of stem cells that survive radiation-induced injury to regenerate crypt-like foci or "microcolonies" of replicating epithelial cells that are scored histologically 3-4 days after irradiation. The number of surviving crypts per intestinal cross section is a function of the number of clonogenic stem cells in each crypt before irradiation and the sensitivity of individual stem cells to radiationinduced cell death. Crypt stem cell survival was examined in 21-day-old FGFR-3 Ϫ/Ϫ and wild-type mice (Fig. 3A) . Crypt survival was reduced by almost sixfold in the proximal jejunum and ileum of FGFR-3 Ϫ/Ϫ compared with wild-type mice. When these data are normalized to the number of crypts per cross section in unirradiated FGFR-3 Ϫ/Ϫ and control mice, the fractional survival of crypts is still markedly reduced in FGFR-3 Ϫ/Ϫ mice [ Fig. 3B ; for proximal jejunum, 1.5% vs. 7.3% in wild-type mice (P Ͻ 0.05); for ileum, 0.7% vs. 5.6% in wild-type littermates (P Ͻ 0.05)]. This decrease in crypt survival could be due to a significantly reduced number of clonogenic stem cells per crypt in FGFR-3 Ϫ/Ϫ mice or a decreased ability of stem cells to repair potential lethal radiation-induced damage. To distinguish between these two possibilities, we used the method described by Roberts et al. (39) to measure the capacity of the clonogenic stem cell population in FGFR-3 Ϫ/Ϫ and wild-type mice to recover from radiationinduced damage. The results demonstrate that the capacity of crypt stem cells to recover from radiation-induced damage is not reduced in FGFR-3 Ϫ/Ϫ mice compared with wild-type controls (Fig. 3C) . Rather, FGFR-3 Ϫ/Ϫ mice show a modest increase in stem cell recovery after radiation-induced damage. Therefore, the reduction in crypt survival is not a consequence of defective injury repair in the crypt stem cell population; rather, the total number of stem cells is significantly lower in FGFR-3 Ϫ/Ϫ mice. Effects of FGFR-3 signaling on transit amplifying cells of the crypt. During postnatal intestinal development, FGFR-3 is expressed in a subset of replicating cells in the lower crypt (49) . To examine whether signaling through FGFR-3 has a role in regulating proliferation of the transit amplifying cell population in the crypt, we examined the patterns of crypt epithelial replication in various regions of the intestine in FGFR-3 Ϫ/Ϫ and wild-type mice (Fig. 4) . BrdU-labeled cells in the S phase are seen predominantly in the lower two-thirds of the crypt epithelium in wild-type and FGFR-3 Ϫ/Ϫ mice (Fig. 4, A and B) . Quantitation of the number of BrdU-labeled epithelial cells within crypts of 14-day-old FGFR-3 Ϫ/Ϫ mice showed a small, but significant, reduction in the number of cells in the S phase in the proximal small intestine (duodenum and proximal jejunum) compared with wild-type controls (Fig. 4C) . However, by 21 days of age, this difference was no longer apparent (data not shown). A modest reduction in villus height was also observed in the small intestine of 14-day-old FGFR-3 Ϫ/Ϫ mice, possibly reflecting the decreased output of cells from the proliferative compartment (Fig. 4D) . In suckling mice, the depth of small intestinal crypts in FGFR-3 Ϫ/Ϫ mice was not significantly different from that in wild-type littermates at any age (data not shown). Apoptosis is believed to be one mechanism whereby the crypt stem cell number and the size of the replicating transit cell population are regulated. However, we observed no differences in apoptosis, as measured by caspase-3 immunohistochemistry, between FGFR-3 Ϫ/Ϫ and wild-type mice (data not shown).
FGFR-3-mediated signaling regulates epithelial lineage allocation and patterns of cellular differentiation. Regional patterns of epithelial differentiation were examined using a variety of markers of intestinal differentiation from birth through 28 days of age. All the principal differentiated cell types were represented in the small intestine (Fig. 5 ) and colon (data not shown) of FGFR-3 Ϫ/Ϫ mice. Paneth and goblet cells were appropriately positioned along the crypt-to-villus axis (Fig. 5,  C and F) in FGFR-3 Ϫ/Ϫ mice. Furthermore, an examination of ϩ/ϩ mice. Values are means Ϯ SD (n ϭ 6 mice per group). *P Ͻ 0.05. C: ability of stem cells to recover from radiation-induced damage (recovery factor) 84 h after irradiation in 21-day-old mice. Recovery factor was assessed as ratio of crypt stem cell survival in mice that received two 7-Gy ␥-irradiation dose fractions separated by a 5-h recovery period to survival in mice that received a single dose of 14 Gy ␥-irradiation.
the regional expression of a number of neuroendocrine cell products produced in the gut revealed that the localization and number of neuroendocrine cells containing PYY, serotonin (Fig. 5, D and E) , and secretin (not shown) in the small intestine and colon (data not shown) were not different between FGFR-3 Ϫ/Ϫ and wild-type mice. However, absorptive enterocytes expressing IFABP, a differentiation marker normally restricted to villus-associated enterocytes, were occasionally intermixed with undifferentiated proliferating cells in the intervillus epithelium and in nascently forming crypts of 4-to 7-day-old FGFR-3 Ϫ/Ϫ mice (Fig. 5B) .
Number of Paneth cells that form in the developing intestine is regulated by FGFR-3.
The expression of marker genes characteristic of each of the secretory lineages was determined at various times after birth. The timing of initial appearance of all secretory cell subtypes was similar in FGFR-3 Ϫ/Ϫ and wild-type mice (Fig. 6A) . However, FGFR-3 Ϫ/Ϫ mice displayed a marked reduction in the expression of Paneth cell markers that became evident by 21 days of age. Lysozyme mRNA levels were nearly fourfold lower, while cryptdin 5 mRNA levels were almost threefold lower, in FGFR-3 Ϫ/Ϫ than in wild-type mice at 21 days of age (Fig. 6A) . By contrast, no significant differences were detected in mRNA levels of Muc2 or chromogranin, goblet and enteroendocrine cell markers, respectively, between FGFR-3 Ϫ/Ϫ and wild-type mice. To determine whether the reduced expression of lysozyme and cryptdin 5 mRNA in FGFR-3 Ϫ/Ϫ mice was due to an actual decrease in Paneth cell numbers, Paneth cell distribution in the small intestine at 21 days of age was examined by immunohistochemistry using an antibody to Paneth cell lysozyme (Fig.  6, B and C) . The number of Paneth cells was greatly reduced throughout the small intestine of 14-to 21-day-old FGFR-3 Ϫ/Ϫ mice, with some crypts totally devoid of Paneth cells (Fig. 6C) , compared with wild-type littermates (Fig. 6B) . The number of Paneth cells in the small intestine was also reduced in the small number of FGFR-3 Ϫ/Ϫ mice that survived past weaning, but to a lesser extent than in suckling mice (data not shown). However, the ultrastructural appearance of Paneth cells that did form in FGFR-3 Ϫ/Ϫ mice was similar to that in the wild-type mice, with well-formed secretory granules in both strains of mice (Fig. 6, D and E) .
Regulation of Paneth cell lineage allocation by FGFR-3-mediated signaling is not dependent on Sox9 or Ihh signaling.
Studies by Varnat et al. (48) showed reduced numbers of Paneth cells in the duodenum of PPAR␤-null mice. Their data suggest that Paneth cell maturation is regulated by PPAR␤ through inhibition of Ihh signaling. More recent data also implicated Sox9 in the regulation of Paneth cell lineage specification in the intestine and colon (3, 32) . Thus Sox9-null mice are virtually devoid of Paneth cells. Therefore, we examined whether PPAR␤ and Ihh, as well as Sox9, expression was perturbed during postnatal intestinal development in our FGFR-3 Ϫ/Ϫ mice (Fig. 7) . Similar to the findings of Varnat et al., we observed an increase in PPAR␤ expression in the ileum of 14-and 21-day-old wild-type and FGFR-3 Ϫ/Ϫ mice (Fig. 7A) . In wild-type mice, this increase was greater than fivefold, whereas FGFR-3 Ϫ/Ϫ mice showed a threefold increase in PPAR␤ mRNA levels. However, Ihh mRNA levels were not different between FGFR-3 Ϫ/Ϫ and wild-type mice at any age, and these levels remained fairly constant between 7 and 21 days of age (Fig. 7B) . Similarly, there was no significant difference in the level of Sox9 expression in the ileum between wild-type and FGFR-3 Ϫ/Ϫ mice at any time point (Fig. 7C) .
Signaling through FGFR-3 alters the distribution and level of ␤-catenin in the crypt epithelium. Activation of the nuclear ␤-catenin/Tcf-4 signaling pathway has been shown to be important not only for the regulation and maintenance of intestinal stem cells, but also for Paneth cell lineage allocation (3, 32) . Activation of the ␤-catenin-Tcf-4 transcriptional complex requires nuclear translocation of ␤-catenin from cytoplasmic pools and subsequent formation of a complex with Tcf-4. We examined the intracellular localization of ␤-catenin in FGFR-3 Ϫ/Ϫ and wild-type mice by immunohistochemistry. A marked reduction in crypt epithelial cells with nuclear ␤-catenin staining was noted in FGFR-3 Ϫ/Ϫ mice compared with wild-type controls (Fig. 8, A and B) . The overall intensity of anti-␤-catenin reactivity was also less in the intestine of FGFR-3 Ϫ/Ϫ mice (Fig. 8, A and B) . To determine whether the total intracellular pool of ␤-catenin was reduced in the intestine of FGFR-3 Ϫ/Ϫ mice, we examined ␤-catenin protein expression in tissue lysates from small intestine by Western blotting using an antibody to the carboxy terminus of ␤-catenin. Two closely migrating ϳ97-kDa bands were detected in tissue lysates from control C57BL6/j and wild-type FGFR-3 mice (Fig.  8C) . The intensity of both of these bands was significantly less in protein extracts from the small intestine of FGFR-3 Ϫ/Ϫ mice, indicating reduced cellular ␤-catenin protein in these mice. However, the noted differences in protein expression between FGFR-3 Ϫ/Ϫ and wild-type mice were not due to transcriptional regulation, since ␤-catenin mRNA levels, as assessed by real-time PCR, were not different (Fig. 8D) .
Since cyclin D1 and MMP-7 are known to be major downstream gene targets upregulated by the active nuclear ␤-catenin-Tcf-4 complex, we also measured the mRNA levels of these genes by real-time PCR (Fig. 8E ) in total RNA preparations of small intestine. Consistent with the decreased ␤-catenin nuclear translocation and implied lower activity of the ␤-catenin/Tcf-4 pathway, FGFR-3 Ϫ/Ϫ mice displayed significantly decreased transcript levels of cyclin D1 and MMP-7 relative to their wild-type controls.
Activation of the Tcf-4 signaling pathway is maintained by signaling through FGFR-3. Subconfluent Caco-2 cultures have high Tcf-4 activity that is dramatically reduced in postconfluent cultures, at which time cells display many features of differentiated absorptive enterocytes (30) . Using the Tcf reporter construct TOPFlash, we examined the effect of FGFR-3 signaling on Tcf-4 pathway activation in Caco-2 cells (Fig. 9) . The addition of FGF9, a ligand for FGFR-3, to Caco-2 cultures resulted in a sustained and significantly higher expression of the Tcf-4 reporter by 3 days after confluence than in cultures treated only with vehicle, which displayed a 10-fold decrease in TOPFlash luminescence signal (Fig. 9A) . The effect of FGF9 was specific for the TOPFlash reporter plasmid, since the control plasmid, Renilla, did not respond (Fig. 9A) . Since FGF9 can bind to multiple FGF receptors, we then examined whether signaling solely through FGFR-3 could maintain Tcf-4 activity in postconfluent Caco-2 cells. Tcf-4 activity at 4 days after confluence was nearly fourfold greater in cells cotransfected with TOPFlash and K650E, a ligand-independent, constitutively active FGFR-3 construct, than in untransfected control cells or cells cotransfected with wild-type FGFR-3 or with the empty vector (pUC18), all of which lost Tcf-4 activity during this time (Fig. 9B) . 
DISCUSSION
In this study, we used mice with a disruption of the FGFR-3 gene to investigate the role of this receptor in regulating morphogenic events involved in postnatal intestinal development. Our previous findings that FGFR-3 and its cognate ligands FGF1, FGF2, and FGF9 are coordinately expressed at high levels during postnatal intestinal development suggested that this signaling pathway mediates the morphogenic events at this time (50) . Although our prior study did not define the specific role(s) of FGFR-3 in regulating developmental events in the intestine, the observation that expression of FGFR-3 was restricted to undifferentiated epithelial cells within the lower portion of the crypt, a region known to house the epithelial stem cell population, further suggested that signaling through FGFR-3 is important in mediating some aspect of epithelial morphogenesis. We now show that signaling through FGFR-3 plays a critical role in regulating accrual of a sufficient number of epithelial stem cells and crypts during mouse postnatal intestinal development, as well as in modulating the specification of the Paneth cell lineage. Our data further suggest that FGFR-3 signaling may modulate some features of intestinal epithelial morphogenesis in the mouse through interaction with the ␤-catenin/Tcf-4 pathway.
The deficit in crypt number observed in the intestine of suckling FGFR-3 Ϫ/Ϫ mice could result from a failure of any of several morphogenic events that occur during intestinal development. The initial failure of the intervillus epithelium to invaginate into the underlying mesenchyme would result in failure of crypt formation. However, the timing of the onset of crypt formation is identical in FGFR-3 Ϫ/Ϫ and wild-type mice, and the intervillus epithelium is not persistent in the intestine of FGFR-3 Ϫ/Ϫ mice, suggesting that this morphogenic process is not impaired in the absence of signaling through FGFR-3. The number of intestinal crypts subsequently increases through a process of crypt bifurcation or fission that, in the mouse, is largely completed by 4 -5 wk after birth (31) . The regulation of crypt fission is not fully understood; however, it is clear that the number of crypt stem cells must expand to support segregation of at least one stem cell to each daughter crypt during this process. Some investigators have suggested that crypt fission is triggered when the number of stem cells in a crypt exceeds a critical threshold (31, 38) . If the decrease in crypt number observed in FGFR-3 Ϫ/Ϫ mice was solely the result of impaired or reduced branching morphogenesis without a concomitant reduction in stem cell proliferation, then the number of stem cells per crypt would be expected to be increased. Alternatively, a decreased number of crypts could result if FGFR-3 Ϫ/Ϫ mice were unable to expand the crypt stem cell population at a rate sufficient to support the level of crypt fission observed in wild-type mice. To distinguish between these alternatives, we used a well-characterized in vivo functional assay for estimating the number of potential clonogenic stem cells per crypt (10, 19, 21, 40) . Our data showing that the number of clonogenic stem cells per crypt is decreased in the small intestine of FGFR-3 Ϫ/Ϫ mice imply that the reduction in the number of crypts in these mice is not merely due to a failure of branching morphogenesis during intestinal development.
The decreased number of clonogenic stem cells per crypt in FGFR-3 Ϫ/Ϫ mice could result from several distinct mechanisms. One possibility is that FGFR-3 regulates the proliferation of stem cells. Signaling through FGFR-3 has been shown to regulate proliferation of intestinal epithelial cell lines (23, 30) . Replication of a clonogenic stem cell can give rise, symmetrically, to two daughters that retain stem cell characteristics or, alternatively, to one stem cell and a daughter progenitor cell whose progeny are committed to a differentiation pathway. Therefore, the probability of symmetric stem cell division must be sufficiently high to support the increase in the number of stem cells needed to permit crypt fission without depleting the number of clonogens per crypt. Hence, it is possible that lack of signaling through FGFR-3 could inhibit the rate of stem cell proliferation or alter the balance between symmetric and asymmetric stem cell division and commitment of stem cell progeny to differentiate. FGFR-3 signaling can regulate the balance between proliferation and commitment to differentiation in other tissues, such as bone, during normal development (34) . Determining whether either of these mechanisms explains the deficit in crypt number in FGFR-3 Ϫ/Ϫ mice requires methods for direct quantification of the rate of proliferation of intestinal stem cells and the commitment of their progeny to enter the intestinal epithelial differentiation pathway. Finally, it is also possible that the lack of FGFR-3 during embryogenesis may have resulted in the formation of fewer intervillus epithelial stem cells. Because of the lack of reliable stem cell markers in the developing intestine, it is difficult to entirely rule out this possibility.
The small and transient reduction in the number of replicating cells per crypt in the proximal intestine of FGFR-3 Ϫ/Ϫ mice suggests that signaling through FGFR-3 does not regulate the replication of the transit amplifying cells during crypt morphogenesis. In a recent study, Arnaud-Dabernat et al. (1) found a modest increase in the number of replicating transit amplifying cells and the size of the crypt in adult FGFR-3 Ϫ/Ϫ ϫ NOD/shi F2 mice homozygous for the FGFR-3 gene disruption. This conclusion initially seems at odds with our demonstration that FGFR-3 is necessary for the elaboration of an adequate number of crypt stem cells, as reflected in the decreased number of intestinal crypts in the intestine of our FGFR-3 Ϫ/Ϫ mice. However, there is a major difference in the biological context between the two studies with respect to the intestinal crypt cell populations under examination. Our studies focused on the consequence of FGFR-3 deletion during stem cell proliferation and crypt morphogenesis, dynamic processes that take place during postnatal intestinal development. Arnaud-Dabernat and colleagues examined the consequences of FGFR-3 deletion on the replication of transit amplifying cells in the unperturbed adult intestine, a developmental stage at which expression of FGFR-3 in crypt epithelial cells is low, the number of crypts is static, and crypt stem cells are relatively quiescent compared with the suckling mouse intestine (50) . It is possible that the response of the transit amplifying cell population of the adult intestine to FGFR-3 signaling is different from that of stem cells of the developing intestine.
The onset of crypt formation occurred at ϳ4 days after birth in FGFR-3 Ϫ/Ϫ and wild-type mice, and their intestines were morphologically similar. All the principal differentiated cell types found in the small bowel and colon were represented in FGFR-3 Ϫ/Ϫ mice. However, FGFR-3 Ϫ/Ϫ mice accrued a significantly reduced number of Paneth cells throughout the small intestine, whereas other secretory cell lineages were unaffected. This reduction in the number of Paneth cells was reflected in diminished mRNA levels of the Paneth cell markers MMP-7, lysozyme, and cryptdin 5 and confirmed by immunohistochemistry using antibodies to Paneth cell lysozyme and cryptdin 5. Recent studies suggest that Paneth cell lineage allocation and differentiation/maturation are regulated by distinct, but interacting, pathways. Sox9, a high-mobility group-box transcription factor expressed in intestinal crypt cells, including Paneth cells, has been identified as a regulator of Paneth and goblet cell lineage specification in the intestine and colon (3, 32) . Sox9-null mice lack Paneth cells in the small intestine, as determined by immunohistochemistry using antibodies to a variety of markers, including lysozyme, which is considered to be an early marker of Paneth cell specification (3, 32) . By contrast, van Es et al. (47) gether, these findings suggest that FGFR-3 signaling represents an additional pathway that can mediate Paneth cell lineage allocation and/or differentiation directly by modulating signaling via the ␤-catenin-Tcf complex or indirectly through other, as yet unidentified, effector molecules.
In this study, we observed that cellular levels and nuclear localization of ␤-catenin are reduced in the crypt epithelium of suckling mice. Signaling through ␤-catenin and the Tcf/Lef family of transcription factors plays a central role in regulating epithelial stem cell fate and replication during intestinal development and in intestinal neoplasia (2, 5, 7, 26, 28) . Its key role in intestinal development is underlined by the observation that mice homozygous for a disrupted Tcf-4 gene lack replicating cells within the intervillus region of the small intestine and do not form crypts (26) . The ␤-catenin/Tcf-4 pathway is also implicated in the regulation of colonic epithelial cell proliferation and differentiation (30) , consistent with its well-documented role in regulating epithelial cell proliferation through the modulation of cyclin D1 and c-Myc (45) . Our findings that FGFR-3 Ϫ/Ϫ mice have a reduced number of crypt epithelial stem cells, coupled with the observation that some differentiated cells fail to appropriately segregate from the undifferentiated cell population, raise the possibility that FGFR-3 mediates its effects on intestinal epithelial development through regulation of Tcf/␤-catenin activity. The uncoupling of differentiation with position along the crypt-to-villus axis for enterocytes and Paneth cells in the small intestine has been observed in EphB2/EphB3-knockout mice (4). Levels of EphB2 and EphB3, along with their ephrin ligands, are regulated in the crypt epithelium through the ␤-catenin/Tcf-4 signaling pathway. Thus the mispositioning of differentiated absorptive enterocytes within the intervillus epithelium and in nascently forming crypts in FGFR-3 Ϫ/Ϫ mice also raises the possibility that FGFR-3 signaling might regulate expression of EphB2/ EphB3 directly or by modulation of ␤-catenin/Tcf-4 activity. However, the appropriate localization of Paneth cells to the crypt base in FGFR-3 Ϫ/Ϫ mice suggests that the regulation of cell positioning in the intestine is complex and may involve other, as yet unidentified, factors.
The reduction in the total cellular level and nuclear localization of ␤-catenin in FGFR-3 Ϫ/Ϫ mice at 14 days of age, a critical time for expansion of the number of small intestinal crypts, further supports the hypothesis that FGFR-3 signaling may modulate ␤-catenin/Tcf-4 activity during epithelial morphogenesis. The regulation of intracellular pools of ␤-catenin is complex and occurs at multiple levels (6) . The reduced level of ␤-catenin in the intestinal epithelium of FGFR-3 Ϫ/Ϫ mice was not due to downregulation of transcription, since mRNA levels were similar between FGFR-3 Ϫ/Ϫ and wild-type mice, suggesting that FGFR-3 signaling modulates ␤-catenin protein stability and/or distribution/localization. The absence of detectable nuclear ␤-catenin in crypt epithelial cells of FGFR-3 Ϫ/Ϫ mice, coupled with the finding of lower levels of cyclin D1 and MMP-7, major downstream gene targets of ␤-catenin/Tcf-4 transcriptional regulation, strongly supports the hypothesis that FGFR-3 signaling modulates the transcriptional activity of the ␤-catenin-Tcf-4 complex during intestinal development. Furthermore, our in vitro studies provide a direct demonstration that signaling through FGFR-3 can modulate ␤-catenin/Tcf-4 activity. The introduction of a ligand-independent, constitutively active FGFR-3 construct into Caco-2 cells, as well as ligand-mediated activation of FGFR-3, resulted in continued high Tcf-4 activity at a time when Caco-2 cell cultures would normally downregulate this activity. Although the molecular details of the signaling cascade linking FGFR-3 signal transduction to modulation of ␤-catenin/Tcf-4 activity remain to be elucidated, the demonstration that FGFR-3 can interact with this developmentally important transcription complex opens a new and intriguing avenue of investigation for characterizing the mechanisms by which FGFs and their receptors participate in the orchestration of intestinal development.
Finally, it also is possible that FGFR-3 regulates intestinal crypt formation and lineage allocation through the modulation of stem cell number via pathways that are independent of Tcf-4, since ligand binding of FGFR-3 can result in the activation of multiple signaling cascades (17, 22) . The effects of FGFR-3 signaling are cell and context specific (24) . Thus additional studies are required to identify which signaling pathways are activated by FGFR-3 in the crypt epithelium and how these signaling cascades regulate morphogenic events during intestinal development. 
